Cell-cell fusion is inherent to any form of sexual reproduction. Loss of HAPLESS 26 2/GENERATIVE CELL SPECIFIC 1 (HAP2/GCS1) proteins results in gamete fusion 27 failure in different organisms but their exact role is unclear. Here we show that 28 Arabidopsis HAP2/GCS1 expression in mammalian cells is sufficient to promote cell-29 cell fusion. Hemifusion and complete fusion depend on HAP2/GCS1 presence in 30 both fusing cells. Furthermore, expression of HAP2 on the surface of pseudotyped 31 vesicular stomatitis virus and on the target cells results in HAP2-dependent virus-cell 32 fusion. This bilateral requirement can be bypassed by replacing the plant gene with 33 C. elegans EFF-1 somatic cell fusogen in one of the fusing cells or the virus, 34 indicating that HAP2/GCS1 and EFF-1 share a similar fusion mechanism. Structural 35 modeling of the HAP2/GCS1 protein family predicts that they are homologous to 36 EFF-1 and class II fusion proteins from enveloped viruses (e.g. dengue and Zika 37 viruses). We name this superfamily FUSEXINS: FUSion proteins essential for sexual 38 reproduction and EXoplasmic merger of plasma membranes. Thus, Fusexins unify 39 the origin and evolution of sexual reproduction, enveloped virus entry into cells and 40 somatic cell fusion. 41 42 45 elegans), the machinery mediating sperm-egg fusion remains unknown (Aguilar et 46 al., 2013; Bianchi et al., 2014; Maruyama et al., 2016). HAP2/GCS1 proteins have 47 been implicated as potential gamete fusogens in
1-V5 ( Fig. 3 D) . Immunofluorescence showed that AtHAP2 localized to puncta on 154 the surface of 20% of the expressing BHK-AtHAP2-YFP cells ( Fig. 3 E; Fig. S1 B   155 and C). Since lower surface expression of AtHAP2, compared to EFF-1, resulted in 156 similar fusogenic activity of both proteins, we conclude that AtHAP2 is a more 157 efficient fusion protein compared to EFF-1.
158
Previously we demonstrated that eukaryotic fusogens can be assayed replaced by HAP2 (VSVΔG-HAP2; Fig. 4 A) . We first infected BHK-HAP2 cells with 7 VSVΔG-G pseudoviruses and collected VSVΔG-HAP2 pseudoviruses from the 165 supernatants. As controls we generated VSVΔG-EFF-1 particles (Avinoam et al., 166 2011). To test whether VSVΔG-HAP2 can infect cells we inoculated BHK cells, naïve 167 or expressing HAP2 or EFF-1 ( Fig. 4 B) . We observed a 7 to 70-fold increase in 168 infection efficiency in the fusogen-expressing cells compared to naïve cells ( Fig. 4 169 C). Finally, to determine whether EFF-1 and HAP2 can interact through a bilateral 170 mechanism in this virus-cell fusion system, we infected BHK-EFF-1 with VSVΔG-
171
HAP2 and obtained similar infection efficiency to homotypic infection of BHK-HAP2.
172
Likewise, VSVΔG-EFF-1 pseudotyped viruses showed similar infection efficiencies 173 when infecting BHK-HAP2 or BHK-EFF-1 cells ( Fig. 4 C) . These finding reinforce our 174 conclusion from cell-cell fusion assays ( Fig. 3 ) and further suggest that HAP2 and 175 EFF-1 directly interact to mediate heterotypic membrane fusion.
176
We then examined whether AtHAP2-mediated fusion proceeds via 177 hemifusion, a fusion intermediate in which outer leaflets of two membranes are 178 already merged but the inner leaflets remain distinct (Chernomordik and Kozlov, 179 2005). To this end, cells transfected with AtHAP2 were labeled with both cell tracker 180 as a cytosolic probe and DiI as a membrane probe, and were plated together with 181 transfected but unlabeled cells. In this experimental design, cell fusion caught at a 182 stage between hemifusion and fusion is expected to produce cells that acquired 183 membrane-but not content-probe ( Fig. 5 A) . Indeed we observed the appearance of 184 such cells ( Fig. 5 B; arrows) . Importantly, the number of cells labeled with only 185 membrane probe was much lower in experiments in which the labeled cells 186 expressing AtHAP2 were co-plated with unlabeled and non-transfected cells ( Fig. 5 187 C). The apparent hemifusion in this control (~1.25%) could reflect background fusion 188 or overlapping cells. Our results indicate that HAP2-mediated fusion proceeds 189 through hemifusion intermediates. Our data are also the first evidence that a 190 homotypic fusogen has to be present in both membranes to mediate even 8 hemifusion, a fusion stage that is less energy demanding than opening and 192 expansion of a fusion pore (Chernomordik and Kozlov, 2005) .
193
Together, our findings indicate a somatic cell-like bilateral mechanism for 194 AtHAP2 rather than a unilateral viral-like mechanism. Such bilateral mechanism is 195 likely to operate not only in flowering plants but also in other organisms expressing 196 members of the HAP2/GCS1 family ( Fig. 5 D, E and F) .
197
The observed structural and functional similarities between the gamete of different groups (Fig. S3 B) . Altogether, the combined conservation of structure, 207 sequence and function makes a robust case for considering these proteins as 208 diverged from a common ancestor.
209
Based on the ancient origin and function of exoplasmic membrane fusion we 
293
Realignment greediness (mact) and secondary structure weight (ssw) in realignment 294 in the All versus all HHsearch alignments were set to 10 -4 and 3x10 -1 , respectively.
295
The automation script made for the generation of profile based phylogenies is 296 available in online supplemental material. 
396
GFP (also green nuclei) and RFPcyto (nuclei not red; "black").
397
The GFP+RFP mixing index was calculated using the following equation: Table S1 shows that FdUrd treatment increases HAP2-539 mediated cell fusion. Table S2 is 
733
Fusion is also indicated by the appearance ii) of multinucleated cells containing
